In this work, the combined use of molecular techniques and capillary electrophoresis (CE) in food analysis is reviewed. An updated overview (including works published till January 2004) is presented discussing advantages and drawbacks of these combined techniques. The main applications of molecular techniques in conjunction with CE in food analysis include: i) species identification, ii) microbiological and toxicological analysis and, iii) detection of transgenic foods. Future outlook of this analytical methodology in food science is also provided.
Introduction
In the last years, the development and use of new analytical techniques in food science has seen a huge increase as a result of the increased concern of consumers about food and food safety. Consequently, faster, more powerful, cleaner and cheaper analytical procedures are required by food chemists, regulatory agencies and quality control laboratories to meet this demand. These analytical techniques must address an important number of issues providing information about processing; ensuring quality control and compliance with food and trade laws; or detecting adulteration, contamination or product tampering [1] .
To meet these goals, food laboratories are being pushed to exchange their classical procedures for new analytical methodologies more suited to fulfill these new requirements. Thus, the interest among scientists regarding the use of the DNA present in food as analytical-target has increased dramatically for several reasons. Firstly, DNA sequences are extraordinarily suitable to provide highly specific biological information at every taxonomic level. Secondly, technologies that allow drawing this information from food samples in an easy and reliable way have evolved considerably in the last years. Namely, the development of PCR (Polymerase Chain Reaction) [2] as an analytical tool has been pivotal in this field. The sensitivity of the amplification is due to the fact that the newly synthesized sequence can be used as template in the following cycle, so that, in ideal conditions, an exponential increase in the amount of target sequence can be expected. This point is paramount when using PCR for analytical purposes since it allows exponential amplification of selected DNA sequences with a high degree of sensitivity and specificity.
Nowadays, the availability of thermocyclers and thermostable polymerases has made possible to automate the whole process and, as a result, to popularize this technology in food research giving rise to a huge number of molecular techniques. As a clear example of this trend, the use of molecular techniques (mostly PCR-based procedures) is in part responsible of the revolution that occurred during the 1990s in food microbiology [3] [4] [5] .
Thus, the use of PCR instead of conventional microbiological techniques allows obtaining fast, specific and inexpensive analysis of microorganisms at the molecular/genetic level.
On the other hand, capillary electrophoresis (CE) techniques have seen an important increase of its application in food analysis during the last years. Thus, a fast search done in Food Science and Technology Abstract (FSTA) database using as search term "capillary electrophoresis" shows that in the period 1990-1996 there were 156 papers published on this topic; in the same number of years during 1997-2003 the search gave 482 publications, demonstrating that CE is being more and more used for food analysis.
The combined use of molecular techniques together with CE can, therefore, bring about an impressive analytical procedure that combines the selectivity and sensitivity increase provided by any molecular technique with the speed of analysis, resolving power and low sample requirements of CE techniques. These advantages can be very useful in many application fields, including clinical, forensic, pharmaceutical, and, the subject of this review, food analysis. Thus, the PCR-based techniques combined with capillary electrophoresis separation have demonstrated to be a powerful analytical alternative for: i) species identification, when fraudulent substitution, addition or contamination are suspected in foodstuff; ii) detection of food-borne pathogens; and iii) detection of genetically modified organisms (GMOs). Nowadays, these applications have important health, religious and/or economic implications for consumers, food industry and/or regulatory agencies and they are described below.
Species identification.
Species identification of animals or plants is a difficult task when they have lost the morphological characters (shape, size, appearance, etc.) due to food processing. For that reason, species identification methods are generally based on detection of speciesspecific compounds such as proteins and DNA [6, 7] . Although some protein-based methods have been successfully developed for species identification in raw material, species distinction becomes difficult in complex matrices or heat-treated samples [8] . In contrast, species identification by DNA-based methods offers interesting advantages due to the stability of DNA at high temperatures and its more uniform distribution in the different tissues of the organism.
Dairy products.
Several reasons (as e.g., food safety, economical impact or consumers health) are behind the need of species identification. For instance, the increasing number of people suffering from allergy makes necessary the development of analytical methods able to identify in a sensitive and reliable way species that can be responsible of the apparition of allergens in foods. This is the case, for instance, of ß-lactoglobulin a whey protein that can act as a potent allergen and that can be unexpectedly found in infant formulas and other dairy products, due to unfair manufacture practices.
Recently, T-RFLP has successfully been used to detect different animal species in dairy products [9] . Using a derivatized primer with HEX fluorophore results in amplification products labeled at one end that, after digestion with a restriction endonuclease, render differently sized DNA fragments, depending of the actual restriction map (i.e., which in turns depends on the species). These end-labeled restriction fragments are analyzed using high resolution capillary gel electrophoretic for accurate sizing. The procedure has been successfully used for the distinction of goat, sheep, buffalo and cow milk in dairy products [9] .
A combination of PCR-RFLP (PCR-based restriction fragment length polymorphism) and capillary gel electrophoresis with fluorescence detection has been exploited in order to differentiate species of commercial interest from others that could be fraudulently introduced. Thus, the use of CGE instead of traditional slab gel electrophoresis has
Meats.
Nowadays, there is a growing need of new analytical procedures able to detect adulteration practices, including the fraudulent substitution of the more expensive meats for cheaper meats, or even non-meat protein additions. In addition to economic, religious and legal aspects, these practices are the object of public concern due to the risk of allergic responses or, in some cases, the more dangerous risk of transmission of certain zoonotic diseases to man, like bovine spongiform encephalopathy or avian flu.
These concerns have promoted the development of new analytical tools for identification of animal and plant species in meat and in processed meat-derived products for human and animal consumption [10] . allowed the detection of shorter DNA fragments (down to 40 bp), and sensitivity lower than 1% beef contamination in heat-treated pork meat (see Figure 1 ) [11] .
Microbiological food analysis.
Microbiological food analysis has been traditionally based on the growth, isolation and morphological and physiological characterization of microorganisms. However, these methods present several limitations for their adequate application to modern production processes, and can not give rapid responses to outbreaks of food-associated infections.
The application of DNA-based detection and quantification methods overcomes some of these limitations, sometimes by making unnecessary the growth and isolation of microorganisms, and sometimes by speeding up the process of species and/or strain identification.
Food-borne pathogens.
Genotyping of Salmonella spp. isolates is a powerful tool for the differentiation of strains and could help to trace the origin of contamination and to give appropriate responses in case of outbreaks. AFLP with fluorescent labeled primers and CGE showed a discriminatory power comparable to that of pulsed-field gel electrophoresis, obtaining fingerprint DNA patterns with ± 1 bp resolution in runs of about 30 minutes versus 22 hours (and radioactive labeling) for conventional sequencing gel electrophoresis [12] . Although AFLP was originally developed with conventional sequencing gels and radioactive labeling, the use of CGE and fluorescence detection has been shown to greatly simplify the procedure [13] .
Listeria monocytogenes is one of the so-called emergent food-borne pathogens with a high mortality rate among susceptible people like children, pregnant women or immuno-compromised individuals. Listeria detection and identification by traditional microbiological methods is time and labor consuming due to its low growth rates and special culture requirements. PCR methods have been successfully applied to Listeria detection/identification and to Listeria strain identification. Thus, L. monocytogenes strain identification has been reported based on ERIC (Enterobacterial Repetitive Intergenic Consensus) fingerprints resolved by CGE increasing in this way sensitivity, resolution, and DNA sizing accuracy [14] .
T-RFLP using two labeled PCR primers (with HEX and 6-FAM dyes) has been applied to analyze pathogens in fish. The method consists in amplification of a highly conserved region of the 16S gene with a primer pair labeled at the 5'-end with the fluorescent dyes (HEX and 6-FAM), a subsequent digestion with restriction enzymes and separation of DNA fragments using CGE-LIF. This T-RFLP method allowed detection of Vibrio, Aeromonas and Flovobacterium species. The assay was demonstrated to be useful to detect cells of Flavobacterium psychrophilum on fish kidney tissue, with a sensitivity of 30 cfu of Flavobacterium psychrophilum per mg of tissue [15] .
The presence in foods of some specific microorganisms is undesirable because of the toxins they can produce rather than for their direct effects on human health.
Nevertheless their specific detection is still interesting, because it is indicative of the risk of the presence of the toxin, and can greatly contribute to food safety. This is the case for Clostridium botulinum, an anaerobic spore-forming bacterium that is
Toxin producing microorganisms.
widespread in the environment. Neurotoxins are the main factors responsible for all symptoms and lesions observed in the disease called botulism. Identification of C. botulinum in food can be performed by classical methods of bacteriology including culture in anaerobic conditions. However, more sophisticated methods involve the identification of C. botulinum strain by means of toxin genes detection. The identification of C. botulinum strains carrying genes coding for botulinic toxin A, B, E, F, or G using specific primers and specific DNA probes or nested PCR systems for each toxin gene has been described by several authors [16] . Moreover, an analytical alternative using CGE to detect the neurotoxin gene has been described. Using lowviscosity entangled polymer buffer as molecular sieving, the separation took place in 17 minutes, demonstrating a greater range in DNA size separation and better sensitivity than slab gel electrophoresis [17] . Rapid identification of the specific botulinic toxin responsible of food-poisoning may help to take quick and correct decisions for antidote and treatment.
Enterohemorragic Escherichia coli (O157:H7) produces verotoxin that has two subunits (A and B) and interfere with protein synthesis process in the cell. There are two versions of the verotoxin (VT1 and VT2) with similar activity and its detection is important to prevent gastrointestinal syndrome. Advantages of combining CGE with three molecular techniques (allele specific PCR, SSCP and CFLP) to develop rapid and specific analysis of the VT1 and VT2 toxin genes of E. coli (O157:H7) have been studied [18] . Allele specific duplex PCR-CGE analysis showed separated peaks corresponding to 174 bp fragment VT1 and 128 bp fragment VT2 in 4 minutes (see 
Detection of transgenic foods.
Genetic engineering is used in agriculture and food industry in order to improve: i) the performance of plant varieties (resistance to plagues, herbicides, and hydric or saline stresses), ii) technological properties during storage and processing (firmness of fruits), and/or iii) the sensorial and nutritional properties of food products (starch quality, content on vitamins or essential amino acids) [19, 20] .
Commercial use of transgenic plants and other genetically modified organisms (GMOs) has raised several ideological and ethical issues during the past few years. The debate is especially intense, for several reasons, in the case of the so-called "transgenic foods".
For instance, placing in the market food or feed consisting or containing GMOs is subject to compulsory labeling in the European Union (EU) [21] . Because an adventitious contamination of GM-material in a non-GM background is difficult to avoid, and labeling as "GMO-containing" could severely affect the marketing of food products, EU regulations have fixed a 0.9% threshold for adventitious contamination that is not subject to labeling requirement. This has created a demand for analytical methods that can detect and quantify the amount of GMO in foods [22] .
GMOs could be detected both by PCR, for direct detection of the transgenic DNA, or by immunological methods, for detection of the cognate proteins (limited to tissues in which the transgene is expressed) [22] . PCR methods are usually preferred for GMO detection due to their better reliability and sensitivity and to the higher stability of DNA over proteins. Although RT-PCR is nowadays gaining popularity over QC-PCR for the quantitation of GMOs in food samples [23, 24] , these methods are still under development for the simultaneous detection of several transgenes. Besides, the interlaboratory reproducibility of RT-PCR is too low as it has been demonstrated by the high %RSD values frequently obtained (e.g., 40% [25] or 33.4% [26] ).
The combined use of PCR techniques and CGE seems to be a good alternative for the detection and quantitation of transgenic organisms in foods. Thus, in the first work published on the use of CGE to detect transgenic foods [27] , a new CGE method was developed that allowed obtaining reproducible separations of DNA fragments using commercially available polymers together with bare fused silica capillaries. The method combined a washing routine of the column with 0.1 M hydrochloride acid followed by a rinsing step with a dissolution containing 1% polyvinyl alcohol. The use of this procedure together with a running buffer containing 2-hydroxyethyl cellulose (HEC) gave highly resolved separations of DNA fragments ranging from 80 to 500 bp. The separation of these DNA fragments was achieved in ca. 20 minutes with efficiencies up to 1.8·10 6 plates/m and high intra-and inter-day reproducibility. The length up to 500 bp corresponds to the DNA sizes more frequently amplified by PCR for detecting GMOs in foods.
In a following work [28] Ultrasensitive detection of genetically modified maize DNA could be achieved by CGE-LIF using different fluorescent intercalating dyes [29] . To do that, four different fluorescent intercalating dyes were compared for the CGE-LIF detection of DNA from transgenic maize in flours (see Table 1 ). It was demonstrated [29] , that the use of YOPRO-1 as fluorescent intercalating dye provided optimum conditions in terms of sensitivity (i.e., LOD was 1000 zmol, calculated for a 200 bp DNA fragment), efficiency (up to 2.4 x 10 6 plates/m), speed of analysis, reproducibility and cost per run.
Using this fluorescent compound, the fluorescence signal was shown to vary linearly with the DNA concentration in the range studied, i.e., 1-500 ng/µl, what was a good indication of the quantitative possibilities of this analytical procedure. It was demonstrated that using this method, 0.01% of transgenic maize could be detected in flour by direct injection of the PCR amplified sample; an example of this PCR-CGE-LIF analysis is given in Figure 3 .
In a recent work [30] , a new procedure useful for quantitative analysis of GMOs in foods has been described and applied to analyze transgenic Bt Event-176 maize. The method developed is based on the co-amplification of specific DNA maize sequences with internal standards using quantitative competitive PCR (QC-PCR). The QC-PCR products were quantitatively analyzed using the CGE-LIF method described above [29] .
The CGE-LIF procedure allowed using internal standards differing by only 10 bp from the original target fragments, to our knowledge, the smallest size difference that can be found in the bibliography for QC-PCR of GMOs. It was shown that CGE-LIF provided better resolution and a signal/noise ratio improvement of ca. 700-fold compared to slab gel electrophoresis (see Figure 4) . The good possibilities in terms of quantitative analysis of GMOs provided by this new method were confirmed by determining the Bt Event-176 maize content in different certified reference maize powders and food samples of known composition.
Recently, the good possibilities of a commercial microfluidic capillary electrophoresis system (LabChip TM ) have been demonstrated for the analysis of GMOs in foods [31, 32] . It is demonstrated that the use of microfluidic systems offer improvements in quantitation accuracy, objectivity and ease of use compared with traditional agarose slab gel electrophoresis.
Conclusions and future outlook.
The combined use of molecular techniques and CGE is currently increasing as a result of its good possibilities in terms of selectivity, sensitivity and speed of analysis. Thus, it is expected that in the non-distant future its use in food science (and more specifically for species identification, microbiological analysis or detection of transgenic foods) become routinely applied. Moreover, some other food applications that can take advantage of the capabilities of this combination of methodologies can be anticipated, as for instance, monitoring of standard and modern food processes or following the development of the so called "new foods".
There are very few works reporting the combined use of PCR amplification and CGE to detect food-borne pathogens. The higher sensitivity and potential to distinguish very similar strains of the same species makes PCR-CGE very suitable for fast studies of microbial populations in molecular epidemiology.
The apparition in the market of new foods and food products containing GMOs will maintain the need for new analytical methods allowing for a qualitative and, mainly, quantitative analysis of these GMOs. Currently, there are several combinations of amplification, detection and quantification technologies available for GMO detection [22] , but very few of them have passed through a validation process in order to be confidently used by enforcement and commercial laboratories. In order to provide the control organisms with the appropriate tools, and given the path of the evolution of the GMO market, future research in this field will keep focusing on methods able to reliably detect and quantify several different GMOs in a single analysis, where the combined use of competitive quantitative-PCR and CGE can play an important role. Table 1 . Characteristics of four different fluorescent intercalating dyes used to detect dsDNA by CGE-LIF using an Ar+ laser [29] . ***************************************************** and food pathogens by PCR-CGE-LIF; ii) chiral molecules as food-quality markers analyzed by CE; iii) capillary electrophoresis-mass spectrometry applied for proteomics, food quality and food safety; iv) chemical and biological characterization of functional ingredients from natural sources (plants, alga and microalga); v) monitoring new drug delivery systems using CE techniques.
